Quantum memories, capable of controllably storing and releasing a photon, are a crucial component for quantum computers [1] and quantum communications [2] . So far, quantum memories [3, 4, 5, 6 ] have operated with bandwidths that limit data rates to MHz. Here we report the coherent storage and retrieval of sub-nanosecond low intensity light pulses with spectral bandwidths exceeding 1 GHz in cesium vapor. The novel memory interaction takes place via a far off-resonant two-photon transition in which the memory bandwidth is dynamically generated by a strong control field [7, 8] . This allows for an increase in data rates by a factor of almost 1000 compared to existing quantum memories. The memory works with a total efficiency of 15% and its coherence is demonstrated by directly interfering the stored and retrieved pulses. Coherence times in hot atomic vapors are on the order of microseconds [9] -the expected storage time limit for this memory.
cycles that can be completed before decoherence sets in. This can be difficult to achieve with atomic memories, since photons must be stored in long-lived atomic states with narrow linewidths. Here we demonstrate the storage of signal pulses with a bandwidth 7000 times larger than the natural width of the cesium D2 line that mediates the interaction.
Previously implemented memory protocols include electromagnetically induced transparency (EIT), controlled reversible inhomogeneous broadening (CRIB) and atomic frequency combs (AFC). EIT based memories [16, 17, 18] utilize the extreme dispersion of an induced transparency window to modify the group velocity, and controllably stop, store and retrieve light pulses. CRIB [19, 20, 21] is a photon echo technique that uses an artificial inhomogeneous broadening of the atomic resonance. Reversing this broadening during the readout process causes the atomic spins to rephase and collectively reemit the original signal. In the AFC protocol [4, 22] an artificially created atomic frequency comb absorbs the incident signal, and the periodic structure of the absorption spectrum results in a subsequent re-phasing and re-emission of the stored signal. These protocols are resonant; off-resonant light storage has also been implemented via four-wave mixing [9] , stimulated Brillouin scattering [23] and via the gradient echo memory (GEM) protocol [24] . For all these protocols typical storage times range from µs to ms and achieved efficiencies from 1% to 15%, although two experiments have reported higher values for either storage time or efficiency [25, 26] .
The reported bandwidths range from kHz to MHz.
In this letter we present the experimental demonstration of a coherent, efficient and broadband Raman memory for light. In a Raman memory, the bandwidth is generated dynamically by ancillary write/read pulses, which dress the narrow atomic resonances to produce a broad virtual state to which the signal field couples. The off-resonant nature of the scheme confers some appealing features [7, 8, 27] . These include (i) as mentioned above, the ability to store broadband pulses -the large detuning guarantees that the atomic polarization adiabatically follows the pulse envelopes, even when they are temporally short; (ii) insensitivity to inhomogeneous broadening -the Raman transition is detuned far beyond the Doppler linewidth of the cesium vapor, and (iii) the property that any unstored light is transmitted without attenuation. This last feature is useful since the partial storage of a single photon entangles the memory with the optical mode of the transmitted signal.
Such light-matter entanglement operations are primitives for the construction of quantum repeaters [2, 11] , and for enabling coherent logical information storage. In our current experiment, we used signal pulses containing several thousand photons. However, because the memory interaction is linear and coherent, the Raman protocol is a genuine quantum memory that would also work in the single photon regime.
In the experiment a strong write pulse and a weak signal pulse, both broadband, are spatially and temporally overlapped and sent together into a cesium vapor cell where the Raman interaction with the storage medium takes place (see Fig. 1 ). The signal pulse is mapped via a two-photon transition with the write pulse into a collective atomic excitation called a spin wave. At a later time a strong read pulse is sent into the vapor cell and converts the spin wave into an optical output signal that is measured on a fast detector.
The F = 3, 4 'clock states' of the ground-level hyperfine manifold serve as the states |1 and |3 , which are connected to the excited state |2 (the 6 2 P 3/2 manifold) via the D2 line at 852 nm (supplementary information). The cesium is heated to 62.5
• C, so that the resonant optical depth d ≈ 1800 associated with this transition is high.
Experimental data for the storage and retrieval processes are displayed in figure 2 . The storage of a signal pulse takes place at time t = 0 and the retrieval of the stored information is carried out 12.5 ns later. The storage and retrieval efficiencies depend on the write and The time-bandwidth product N of a memory quantifies the number of distinct time bins available for computational operations in a hypothetical quantum processor using the memory. We expect that the storage time of the memory is limited to several hundred µs With no write pulse present (i.e. 0 nJ), there is 100% transmission; with the highest write/read pulse energies (4.8 nJ) this drops to 70%, indicating that 30% of the incident signal is stored. At t = 12.5 ns 50% of the stored information is retrieved giving a total memory efficiency of 15%. Precise measurement of the pulse shapes requires greater temporal resolution than the current detector provides, so to apply the theory we assume Gaussian temporal profiles for all pulses; the timing and duration of the signal pulse are then adjusted to account for the dispersive effects of the etalons used to spectrally filter the signal. The observations stand in good agreement with the theory.
The retrieval efficiency η ret = η tot /η store is significantly larger than the storage effi- ciency η store , since the total efficiency η tot exceeds η 2 store . This indicates that the signal pulse shape is not optimal -an ideal memory has equal storage and retrieval efficiencies [7] .
Correctly mode matching the signal pulse profile to the control should significantly increase the efficiency.
Part (c) of figure 3 shows an extrapolation of the theoretical prediction for η tot to larger write/read pulse energies. This indicates that η tot ∼ 30% is achievable for pulse energies ∼ 15 nJ. Also plotted is the optimal attainable efficiency in the present configuration with retrieval in the forward direction, along with the optimal efficiency for backward retrieval [7, 28] . To achieve these bounds the signal field requires appropriate shaping -the distortion due to the etalons should be compensated, along with the dynamic Stark shift due to the strong write field. Re-absorption of the signal limits the efficiency to around 60% for forward retrieval, but efficiencies above 90% can be reached employing phase-matched backward retrieval [28] . Because we retrieve the stored signal after just 12.5 ns (the round-trip time of our oscillator), the efficiency we observe is not limited by decoherence, which is only significant over much longer timescales. Instead, it is a direct probe of the intrinsic efficiency of the Raman memory interaction. In addition, it is easy in this configuration to delay a copy of the signal pulse and interfere it directly with the retrieved pulse, to demonstrate the coherence of the interaction (Fig. 4) . The fringe visibility of 86 ± 5% indicates that the memory is highly coherent. In fact, the theoretical model (supplementary information) predicts a distortion of the retrieved field due to dispersion and Stark shifts (these can be eliminated with backward retrieval), yielding a maximum visibility of 83%. This suggests that the memory interaction is perfectly coherent.
In summary, we have demonstrated a broadband quantum-capable memory by coherently storing and retrieving signal pulses with bandwidths greater than 1 GHz. This is an increase of almost a factor of 1000 compared to existing quantum memories. Storage efficiencies up to 30% and retrieval efficiencies as high as 50% were observed, and increasing the power of the control pulses should allow further improvements. The excellent coherence of the memory was directly verified by interfering the stored and the retrieved pulses. Such high-speed memories will form the basis of fast, controllable and robust photonic quantum information processors in the near-future.
Methods
The atomic states of cesium involved in the Raman protocol are shown in part (a) of Figure S1 (supplementary information). The experimental layout is described in part (b). by optical pumping using an external cavity diode laser tuned to resonance with the |2 -|3
transition. The underlying theory for the Raman memory scheme is derived in [7, 8] and briefly summarized in the supplementary section.
To investigate the coherence properties of the memory, a copy of the incident signal field is attenuated, delayed and overlapped with the retrieved signal in a Mach-Zehnder configuration. We correct for imperfections in the interferometer by interfering the signal and a replica as a benchmark; this yields a visibility of 86 ± 5% (67% uncorrected) for the memory. 
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Supplementary information
Experimental details
Theory
The storage and retrieval efficiencies are calculated by solving the semi-classical linearized
Maxwell-Bloch equations for the system. The signal field, with amplitude A, propagates through an ensemble of Λ-level atoms in the presence of the write field, whose temporal profile is described by the time-dependent Rabi frequency Ω(τ ) [7, 8] . Provided that the detuning ∆ is the dominant frequency in the problem, the optical polarization can be adi- optically prepared with a diode laser. In time bin t 1 an incoming signal pulse is mapped by a strong write pulse into a spin wave excitation in the atomic cesium ensemble. At t 2 a strong read pulse reconverts the excitation into a light pulse. After polarization filtering (Pol), the retrieved signal is detected by a high speed avalanche photo detector (APD). Vertical polarization is indicated as ( ) and horizontal polarization as (↔). ∆ is the detuning from the atomic resonance.
abatically eliminated, yielding an explicit expression for the spin wave amplitude B at the end of the storage interaction. The spin wave can be expressed as [7, 14] ,
where A in is the amplitude of the incident signal field to be stored, J 0 is a Bessel function, and the number C 2 = dγW/∆ 2 quantifies the Raman memory coupling, with d the resonant optical depth [7] and γ the homogeneous linewidth of the excited state |2 . Here we introduced the dimensionless integrated Rabi frequency ω(τ ) = for the retrieved signal field. In general, the field A out is different to A in -physically these differences originate in the dispersion associated with propagation through the ensemble, and the Stark shift due to the time-varying control field. The visibility of interference between the incident and retrieved signals is therefore smaller than 1, even for a perfectly coherent memory. If optimal storage and backward retrieval is possible, these distortions can, however, be eliminated [28] . * i.walmsley1@physics.ox.ac.uk
